Experimental results are reported on the feasibility of particle imaging velocimetry in a cone calorimeter. PolyMethyl MethAcrylAte (PMMA) plates have been contaminated at their surface by alumina particles (D ev =4.4 µm) as seeding particles allowing PIV analysis. Particles are released by bubble bursting during the thermal degradation of the PMMA for each heat flux investigated (25, 35 and 45 kW/m 2 ). A "layer" of particles could be noticed for the highest heat flux (35 and 45 kW/m 2 ) while for the smallest flux (25 kW/m 2 ), the release is confined and more erratic. Velocity increases as a function of the height above the polymer surface from 0.03 m/s at the PMMA surface to 0.3 m/s at the bottom of the conical heater and these results are in good agreement with previous experiments and numerical simulations. As an overall conclusion, this first attempt demonstrates the huge potential of PIV analysis, associated to our deposition set-up, for investigating flow field during cone calorimeter experiments involving bubbling polymers.
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INTRODUCTION
The cone calorimeter (ASTM 1354, ISO 5660) is a widespread experimental apparatus for the determination of the fire behavior of various materials. It provides information on the time to ignition (either auto-ignition or using an igniter), Heat Release Rate (HRR), soot and gases (CO and CO 2 ) yields. It can be associated to additional experimental equipment like Fourier Transform Infra-Red spectrometer (FTIR) to obtain a better insight on the chemical products of the thermal degradation of materials.
Particle Imaging Velocimetry (PIV) is a well-known measurement technique in fluids mechanics, widely used to provide a complete two-dimensional (or even three-dimensional) flow image, allowing insight of the flow structure. In fire science, it has been commonly used to investigate into the flow field through vents (like doors and windows) in compartment fire tests [6] or in open vegetation fires [7] . However, PIV measurement in a standard, lab-scale apparatus like the Cone Calorimeter was never performed. Using PIV in a fire environment implies the overcoming of two major difficulties: the choice of the seeding particles and the choice of the seeding system.
We propose here an experimental method to provide a complete description of the flow field in the degradation area. Classical PIV approaches imply the injection of particles in the gaz flow. The originality of the proposed method is that seeding particles are previously deposited on the solid material and released during the degradation phenomenon, through bubbling. Using this method, we are able to generate a good seeding of the degradation area, especially in the area close to the fuel surface, where the air flow will interact with the pyrolizing material.
Previous studies in the field of nuclear safety [8] [9][10] [11] , regarding the re-suspension of solid particle from burning substrates have identified a specific behavior of particles on Poly-Methyl Methacrylate (PMMA), namely a "peak" of particles emission at the beginning of degradation (prior to flaming). This peak of emission was used in the present work as the seeding mechanism for PIV measurements in a cone calorimeter. A specific deposition device, based on the inertial impaction mechanism, was designed and used to produce well defined particle deposits at the surface of PMMA plates.
The results obtained showed that PIV will allow a better comprehension of the flow field in the degradation area. The current setup is not potent enough to obtain a precise representation of the mixing layer where the pyrolysis gases mix with air, but we were able to give more insight on this area nonetheless. Among potential application, we could name nuclear safety applications, nanoparticlespolymers composites emission rate measurement [12] and fundamental study of pyrolysis interaction with air flow.
PARTICLE DEPOSITION SYSTEM

Base concept and apparatus design
The main objective of the device was to generate a dry, spatially homogeneous deposit of solid particles with user control of the particle size and deposition density. Classical solvent-coating methods were excluded because of the possible bias on the adhesive bonding between the particles and the substrate. Within these constraints, gravitational settling and inertial impaction were the only processes that could be applied. Inertial impaction was chosen because it is faster than gravitational settling.
Fig. 1. Streamlines and particle trajectories for a typical impactor [13] .
The base principle of inertial impaction is presented in Fig. 1 [13] . Historically, this principle was used in multi-stage impactor (known as cascade or Andersen impactor [14] ) to obtain an inertial classification of the sampled aerosol. This kind of device is characterized through an "S-shaped" deposit efficiency curve, based on particle inertia. Particle large enough will drift from the streamlines and impact on the plate while particle small enough will follow the streamlines and exit the system.
Materials and methods
The polymer used in this study was clear PMMA (PMMA 1.18, Delire SA, similar to the one used in [8] ). Samples were square plates, 100 mm wide and 8 mm thick, Auto ignition temperature 430°C
The basic impaction technique was developed into a device combining several throat impactor (to accommodate different particle sizes) and a moving impaction plate (PMMA plate) presented in Fig. 2 . The entire deposition bench is also shown, including aerosol generator, filtration system and vacuum pump. The appropriate slit is chosen, based on the volume equivalent median diameter of the particles, as well as the linear velocity of the impaction plate, based on the desired deposit surface density. In order to assess the amount of particles deposited on the surface, the PMMA plates are cleaned with ethanol and weighted prior to the introduction into the sample holder.
A rotary brush generator (RBG1000, PALAS®) is used to generate an aerosol of solid particles which is pumped through the slit by the vacuum pump. The volume flow through the selected throat is adjusted to 40 NL/min. Once the flow of particles through the throat is stabilized (≈ 20 s), the movement of the impaction plate is initiated. At the end of the deposition operation, the sample is extracted and weighted again to determine the mass of the deposit.
Characterization of the deposit
The mean deposited mass was 87.7 ± 7.7 mg (standard deviation on 23 samples). Tests were also conducted with non-dried powder, showing that the presence of uncontrolled moisture in the powder tends to increase the mass of the deposit (121 ± 8.3 mg).
To evaluate the deposited particles' diameter, samples with deposits were washed with ISOTON electrolyte solution and the size distribution was measured with a Coulter apparatus (Multisizer 4, Beckmann Coulter®). The size distribution is shown in Fig. 3 , with raw powder size distribution for comparison. A fairly good agreement could be noticed between the size distributions of the raw aerosol and the deposited particles. The equivalent volume diameter D ev is 4.4 µm with a geometric standard deviation σ g = 1.3 (assuming a log-normal size distribution). One must notice that these particles are similar to the one previously used by Ouf et al. [8] for investigating the release of particles deposited at the surface of a burning polymer. Fig. 3 . Size distribution of raw powder and deposited particles (Coulter measurements) and TEM image of the raw powder.
Surface coverage was investigated with microscopic observations. Twelve pictures were taken in random areas of the samples and the surface coverage was measured with a threshold technique. Surface coverage was 85 ± 2.1 % except in two, 5 mm wide bands on the edges on the plates where it was 69 ± 2.06 %. These bands were probably caused by flow instabilities at the edges of the samples.
Microscopic observation shows that the deposit is homogeneous, with very few agglomerates present on the surface. Given the mass of the deposit and size of the particles, it can be assumed that the deposit consists of a single layer of particles. This allows the assumption that the deposit will not hinder the thermal degradation by providing an insulating barrier against external heat flux.
PIV SETUP
The experimental setup for PIV experiments is shown in Fig. 4 . This setup includes a double pulse Nd-YAG laser (532 nm, Evergreen Quantel) with lenses and mirrors to generate the laser sheet and direct it into the degradation area. Images acquisition is achieved with the help of two cameras (Imager Pro X 4M La Vision) with a resolution of 2048x2048 pixels, respectively associated with 50 mm and 135 mm objectives. For technical reasons, the radiant panel used in this study is not a standard cone calorimeter radiant heater but was extracted from a standard smoke chamber (ISO 5659). This radiant heater is roughly 30 % smaller than the cone calorimeter version, but this should not modify greatly the resuspension phenomenon [8] which produces the seeding. This also implies that the mass loss of the sample could not be recorded.
The distance between the radiant heater and the sample is set to 25 mm. The incoming heat flux on the sample is regulated by assigning the temperature of the heater and measuring the radiant flux with a heat flux gauge, prior to the degradation tests. This provides a calibration curve used latter on to set the desired heat flux on the sample. Three different heat fluxes were used, namely 25, 35 and 45 kW/m2, corresponding heater temperatures were respectively 560, 655 and 720°C.
Once the required temperature is reached, the sample is placed in a steel holder and put under the radiant heater, protected by a thermal screen (steel plate and ceramic). The start of the test, marked as t0, correspond to the removal of this protective screen. Camera 1 is equipped with a 50 mm objective, providing a 113.9 mm wide field of view, with a resolution of 55.6 µm per pixel. This field allows seeing the entire sample. Camera 2 is equipped with a 135 mm objective, providing a 46.5 mm wide field of view, with a resolution of 22.7 µm per pixel. This field is centered on the axis of the radiant panel. Both fields were calibrated with a standard pattern. No interferential filter was used in this setup; therefore all observations will be realized before ignition, to avoid damages of the camera. When the sample ignites, the acquisition is stopped, the protective screen is put back in place and the flame is blown out with clean air.
The cameras were set on the double frame mode with 800 µs between the two frames. The global PIV system has a 5 Hz acquisition frequency. One commercial HD camera (HandyCam Sony HDR-SR11) was used for recording the overall experiments. Table 2 displays the recording conditions for the three tested heat fluxes, with t 0 indicating the removing of the protection screen between the heater and the sample. The beginning of the recording has been considered as the first visual appearance of ejection of particles. 
EXPERIMENTAL RESULTS: RAW IMAGES
For convenience, an example of raw image is presented in Fig. 5 and positions of the conical heater, polymer surface, alumina deposit and laser sheet are mentioned. Due to their size and optical properties, the alumina particles deposit is easily visible at the polymer surface during PIV and particles ejection could be tracked and investigated. the "peak of emission", particles are ejected and this release is not homogeneous over the polymer surface. Similar experiments have been carried out for non-contaminated polymer samples and these particle "plumes" have not been reported. Then, the "peak of emission" identified on HD camera and PIV images could be associated to the alumina particles deposited at the polymer surface. Consequently, the end of this "peak of emission" is associated to the absence of particles at the surface of the melted polymer, demonstrating that such resuspension mechanism is extremely efficient.
For the lowest heat flux (25 kW/m 2 ), the release is confined and erratic, and filamentary structures are observed. Pictures show that the direction of the filaments may be sometimes oblique. Thus all the ejections of particles are not illuminated by the laser sheet in each instantaneous image. The ejection of particles is not continuous but occurs only from some spots on the PMMA surface. On each instantaneous picture, it has been observed that the size of ejection zone is about a few mm above the PMMA surface and the size of the ejected filament (in the horizontal direction) becomes thinner (about 1 mm). For higher heat fluxes (35 and 45 kW/m 2 ), the size of the ejection zone increases, producing larger ascendant flows of particles. One could identify, for 35 kW/m 2 and 45 kW/m 2 , respectively at t 0 + 100 s and t 0 + 66 s, a layer of re-suspended particles approximately 1 mm high. In this case, one could assume that particles are re-suspended from the surface by bubbles inside the viscous films at the top of the PMMA slab, due to pyrolysis of the polymer [8] [9] . Then, the re-suspended particles are entrained from this layer by the convective flow through turbulent bursts, similar to the ones described by Cleaver and Yates [15] and more recently by Zhu et al. [16] . An illustration of the physical phenomenon, involved during release of alumina particles, is presented in figure 6 . Due to the high luminosity of the layer containing the bubbles and the re-suspended particles (see figure 5 and table 3), and due to the short time during which the bubbles remain at the PMMA surface (10-30 ms), we were not able to observe the formation of such bubbles with the help of the present PIV set-up. Further experiments will be performed with a micro-PIV set-up at higher frequency (100 Hz to 1 kHz) to record ejection of particles from a single bubble. 
EXPERIMENTAL RESULTS: PIV ANALYSIS
Velocity vectors have been computed with an adaptive PIV method (DynamicStudio, Dantec®). Three sizes of windows (64x64 pixels, 48x48 pixels and 32x32 pixels) have been considered for determining correlation peak. Two filters have been applied to the corresponding peak of correlation, the first one eliminating peak with low S/N ratio (lower than 6), the second one by rejecting velocity vector higher than a threshold of 0.4 m/s.
With the PIV measurements, the factors entering into the errors are particle image size, size of the interrogation window, local velocity gradients, number of particles within the sampling window and instrumentation performance characteristics (camera and digitizer). As shown by Willert and Gharib [17] sub-pixel displacements can be determined. An overall estimation of the velocity uncertainty is given by the repeatability of the experimental set-up. In this study, it was not possible to repeat many times the degradation of a PMMA sample. If we consider, as Franck et al. [18] , that the standard deviation of the PIV measurements under the same experimental conditions, is about 0.1 pixel, this corresponds to an uncertainty equal to 0.007 m/s for the wide field of view (camera 1) and 0.003 m/s for the small one (camera 2).
The spatial response of the PIV is influenced by the size of the interrogation window. This effect results in a spatial filter with a high frequency cut-off [19] . With the ultimate size 32*32 pixels of the interrogation window, spatial variations of the velocity less than 0.7 mm cannot be measured. Table 4 presents the flow field associated to the raw images of table 3. It is obvious that the velocities have been determined only inside the particles-loaded filamentous structures. Outside these filaments, no particle signals have been detected by the cameras. The main feature of these results is that the particle speed is low close to the PMMA surface, less than 0.03 m/s, and it increases with height to reach a value close to 0.3 m /s. The flow fields recorded at each frame of the PIV recording (600, 300 and 200 frames respectively for 25, 35 and 45 kW/m 2 ) have been summed and the resulting mean flow fields are presented in Fig. 7 . One must notice that in this case, the overall field between the PMMA surface and the bottom of the conical heater has been covered by the seeding particles, allowing us the reconstruction of a complete flow field. According to these mean results, several conclusions could be drawn:
• taking into account the velocity uncertainty described by Franck et al. [18] , the velocity in the resuspended particles layer (0 < y < 5 mm) is not sensitive to the heat flux, • the height of this layer increases with the heat flux, • the velocity close to the conical heater (17 < y < 25 mm) increases with the heat flux. The Knudsen number Kn=2λ/D ev , with λ being the mean free path of air molecules (0.0674 µm for air at normal temperature and pressure), it is smaller than 10 -2 with the mean particle size D ev =4.4 µm. So, the particle exchanges with air are in the continuum regime. The particle Reynolds number Re p is defined as ρ air V D ev /µ air , with V being the characteristic speed of the particle and µ air the viscosity of air. With V equal to 0.3 m/s, Re p is smaller than unity and the Stokes' drag law is considered to apply. Consequently, the characteristic particle response time τ p =ρ part D ev 2 / (18µ air ) is about 0.2 ms (with ρ part =4 10 3 kg/m 3 and µ air =26 10 -6 Pa.s). The characteristic convective time is given by the distance between the PMMA sample and the bottom of the cone, and is equal to 83 ms, i.e. much bigger than τ p , which indicates that the particles are well entrained by the convective flow. 2 , these characteristics seem to be constants. This point is of main interest for improving our comprehension of re-suspension kinetics of particles deposited at the surface [8] [9] [10] [11] or integrated in the polymer matrix [12] . At y=22.5 mm, corresponding to the conical heater, the average velocity is between 0.2 to 0.3 m/s, in agreement with numerical computation of Tsai et al. [5] who have reported average velocity ranging from 0.15 to 0.3 m/s. As a consequence, our results are in good agreement with previous attempts to compute the flow velocity in a cone calorimeter. One must also notice that experimental measurements by Tsai et al. [5] have been obtained without the conical heater because hot wire anemometry is not suitable within fire environment. In this case, PIV analysis, associated to our experimental procedure is a powerful technique, suitable to extreme conditions encountered in fire and combustion studies. Fig. 9 . Evolution of the average velocity as a function of height above the polymer surface.
One could discuss the validity of using an average in this case, as it is likely that the sample is not under steady state degradation conditions. If we consider our acquisition timeframe and the surface temperature data from [5] , it appears that all our measurements were performed in regions where the surface temperature is not varying strongly (between 300 and 350°C). As surface temperature is the critical parameter defining the convective flow far from the sample, this flow field will probably not exhibit a strong variation. This also explains why the velocities measured far from the sample are not dependent on the heat flux (except in the area near the heater, where the heater temperature and geometry becomes the governing parameter).
As the mass loss was not recorded, we used the literature data to evaluate the velocity close to the sample [20] . Assuming a mass loss rate of 10 g/m²/s and a MMA vapor density of 4 kg/m 3 will yield an estimated value of velocity of 0.0025 m/s at the surface, lower than our value of 0.03 m/s. This difference can be explained by the fact that our setup is sensitive enough to show the influence of bubble bursting. The theoretical computation assumes that the vapor emission is a homogeneous diffusion process, whereas the bubble bursting is very local phenomenon in space and time, inducing very high variations of air velocity. This phenomenon cannot be captured by a global measurement like mass loss rate.
Even if the current experimental setup is not precise enough to detect individual bubble bursting, it proved sensitive enough to highlight the fact that gas emission from PMMA undergoing thermal degradation is having an influence on the local air flow above the sample. Further work will be conducted to develop a high frequency micro-PIV setup, in order to investigate the area close to the polymer sample.
CONCLUSIONS
This study demonstrates the feasibility of the determination, by optical diagnostic, of the high resolved convective flow induced by cone calorimeters that are widely used for the study of materials thermal degradation. For this purpose a commercial PIV system has been used. The main experimental originality is the method used to inject the seeding particles. Indeed, these particles are homogeneously deposited on the surface of PMMA by a protocol described in this paper. Alumina particles are used but the protocol could be implemented for different size and nature of seeding particles. These particles are pulled up thanks to the bursting of bubbles induced by the PMMA degradation. This interesting phenomenon is also detailed. The convective flows were determined for three heat fluxes and are in good agreement with previous experiments and numerical simulations. The velocity appears to increase from 0.03 m/s at the polymer surface to 0.3 m/s at the bottom of the cone heater. Furthermore, for the highest heat flux, a "layer" of re-suspended particles has been identified and particles appear to be trapped in this layer before being extracted by convective flow through turbulent bursts.
The results of this study open a wide new field of experimental investigations in fire science. The applicability of the technique allows the study of the turbulent mixing of air and pyrolysis gases, a critical step in the autoignition. Furthermore, the use of a more potent PIV setup (higher frequency and better spatial resolution) would allow the investigation of near surface interactions between the fuel and the gas phase. These data will also provide a reliable benchmark for CFD code validation, because of the nonintrusive nature of the measurement used.
Another potent evolution of this technique is to include the particles inside the polymer matrix (compounding). This way, the particle release could be in direct relation to the sample mass loss rate. Furthermore, this technique could be used to study the release of nanoparticles included in the burning material, potentially offering an evaluation of the source term in exposure assessment studies.
The instantaneous velocity fields also give a clear description of the bubbling dynamics. In further investigations, for understanding the release phenomenon, micro-PIV analysis at high frequency (100 Hz to 1 kHz) will be performed on bubbles during their bursting. In this case, we will be able to record the acceleration of particles after the break-up of the bubbles and the elementary release efficiency of a single bubble. Further prospects will be to perform PIV analysis after the ignition. In addition to the deposition on the surface, the particles will also be implanted inside the polymer.
